The DNA repair enzyme 06-methylguanine-DNA methyltransferase has been used as a reagent to analyse the initial reaction sites of alkylating agents such as chloroethylnitrosourea that cross-link DNA.
INTRODUCTION
Cross-linking alkylating agents such as nitrogen mustards and halogenated ethylnitrosoureas are strongly cytotoxic, and are clinically useful as chemotherapeutic agents (1) . The prevention of DNA strand separation during replication by interstrand cross-links is presumably important for the cell-killing effect, since related alkylating agents without cross-linking ability, such as half-mustards or N-methylnitrosourea, exhibit similar mutagenic effects but are less toxic. A major site of reaction with alkylating agents is the N7 position of guanine. Nitrogen mustards, which are bifunctional alkylating agents, apparently generate DNA interstrand cross-links between guanine N7 sites at GpC sequences (2, 3) . In contrast, the structure of the DNA cross-links formed by chloroethylnitrosoureas has been less well defined. The latter agents decompose in aqueous solution to generate reactive chloroethyl carbonium ions, which act initially as mono-alkylating agents. However, after alkylation of DNA, the monoadducts are further reactive, and in a slow, subsequent process, the chlorine is eliminated and a -CH2CH2-bridge between nucleosides generated (4) (5) (6) . A short bridge of this type (in contrast to the longer ones formed by nitrogen mustards) could only be accommodated between closely adjacent positions, such as those found at hydrogen-bonded sites, on two DNA strands unless a major structural distortion of the double-helical structure occurred. For this reason, interstrand cross-links caused by chloroethylnitrosoureas probably do not involve the N7 position of guanine. Kohn (5) has instead proposed an initial alkylation event at the 06 position of a guanine residue, followed by cross-link formation to the N4 position of its corresponding base-paired cytosine, as a likely possibility. In support of this notion, it has been observed that mammalian cell lines of the Mer (or Mex ) phenotype, which have reduced capacity to repair 06-alkylguanine, show higher levels of chloroethylnitrosourea-induced cross-linking than do normal cells (7) . In these experiments, drug-treated cells were lysed on membrane filters, and the amount of interstrand cross-linking was estimated from the rate of alkaline elution of the DNA. By similar methods, it has been found that pretreatment of Mer+ cells with a monofunctional alkylating agent causes a temporary conversion to a Mer -like phenotype during subsequent challenge with a cross-linking agent, presumably by saturation of the DNA repair capacity of the cells (8) .
These indications from experiments with mammalian cells have not, so far, been directly confirmed by chemical analysis of the cross-linked residues, isolated from purified DNA treated with chloroethylnitrosourea.
Two types of cross-linked bases have been detected in such alkylated DNA.
One of these, di [7-guanyl] ethane, most likely reflects an intrastrand reaction between two adjacent G residues rather than an interstrand crosslink (9) . The other cross-linked structure, however, has an ethyl link between the N3 position of a cytosine and N1 of guanine, and this presumably represents an interstrand cross-link between previously hydrogen-bonded residues. In order to reconcile these two sets of data, it was proposed that interstrand cross-link formation might have been preceded by initial chloroethylation at the 06 position of guanine, followed by an internal rearrangement involving the N position, prior to cross-link formation with the complementary cytosine residue (10) .
The enzyme responsible for removal of alkyl groups from the 06 position of guanine during DNA repair has recently been purified to apparent homogeneity from E.coli (11) . Since this activity does not recognize N-alkylated purine or pyrimidine residues (12; T. McCarthy, P. Karran and T. Lindahl, ms. in preparation), it provides a suitable reagent for investigating the initial site of DNA alkylation by chloroethyinitrosoureas. Such experiments are described here.
MATERIALS AND METHODS Reagents
Bacteriophage M13mp9 were grown in E.coZi JM103 (13) . Covalently closed circular double-stranded DNA (M13 replicative form) was made from phageinfected bacteria (14) while circular single-stranded DNA was obtained from virus particles (13 (15) . Micrococcus Zuteus DNA was purchased from Miles Laboratories, Inc., and further purified as described (12) . 1,3-Bis(2-chloroethyl)-l-nitrosourea (BCNU) was obtained from Bristol-Myers Pharmaceuticals, and nitrogen mustard (N-methyl-bis(2-chloroethyl)amine) was purchased from Sigma. 1-(2-Hydroxyethyl)-l-nitrosourea (HNU) (16, 17) was a gift from Dr. W. Lijinsky, NCI-Frederick Cancer Research Facility, U.S.A. Stock solutions of BCNU and HNU were made in cold ethanol, stored at -80°, and used within two days, while nitrogen mustard was dissolved in 0.1 M HCl and stored frozen at -80°. 06-Ethylguanine was prepared as described (18) .
06-Hydroxyethylguanine and N7-hydroxyethylguanine, prepared according to Ashby et aZ. (19) were gifts from Dr. D. Paton, Imperial Chemical Industries, Ltd. The molar absorption coefficients of these compounds were taken to be the same as those of the corresponding methyl derivatives (20) . 06-Methylguanine-DNA methyltransferase was the homogeneous E.coZi enzyme described by Demple et aZ. (11) . Reduced glutathione, bovine serum albumin (Fraction IV), ethidium bromide, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), and N-2-hydroxyethylpiperazine-N'-3-propanesulfonic acid (Epps) were purchased from Sigma. Albumin was treated with N-ethylmaleimide before use to remove traces of nuclease activity (21 Fluorescence intensities were quantitated by calibration with solutions of alkylated purines of known ultraviolet absorbance.
Enzymatic removal of hydroxyethylguanine residues from DNA employed a similar procedure to that previously described for determining repair of 06-methylguanine (12). The reaction mixture (100 p1) contained 40 pg of HNU-treated DNA in 70 mM Hepeso KOH (pH 7.6)/10 mM dithiothreitol/l mM EDTA, and varying amounts of 0 6-methylguanine-DNA methyltransferase. After 60 min at 370, the DNA was acid-precipitated, hydrolyzed, and analyzed by HPLC with fluorescence detection as above.
Measurements of cross-link formation
Reaction mixtures (100 p1 in 1.5 ml Eppendorf microtubes) contained to scintillation vials, dissolved by heating for 1 min in 1.5 ml H20 in a microwave oven, and the radioactivities of the samples determined by liquid scintillation counting following addition of Aquasol. For electrophoresis, wells containing DNA not exposed to alkali (lanes 1-3 in 9, Fig. 3 ) contained 1.6 pg DNA, to provide sufficient amounts for analysis of remaining covalently closed DNA forms. Adaptation of bacteria to alkylation resistance
The adaptive response to alkylating agents was induced in E.coli F26 by exposure to 1 pg. ml 1N-methyl-N'-nitro-N-nitrosoguanidine (22) . After 90 min at 370, aliquots of the adapted culture and a non-adapted control culture were challenged for 10 min at 370 with several different doses of BCNU or nitrogen mustard, followed by dilution and plating to determine the cytotoxicity of the drugs.
RESULTS
Repair of 06-hydroxyethylguanine residues 06-Methylguanine-DNA methyltransferase removes methyl groups and (at a slower rate) ethyl groups from the 06 position of guanine in DNA (11, 23) . In order to investigate if the enzyme is also able to remove substituted ethyl groups from the 06 position of guanine, DNA treated with HNU was employed as a substrate. This alkylating agent was not available in radioactively labeled form. However, 06-alkylguanines are strongly fluorescent, so the fate of the alkylated base could be followed by analysis of DNA hydrolysates with HPLC and fluorescence detection of eluants.
A chromatogram of an acid hydrolysate of the alkylated DNA is shown in Fig. la . The sample contained similar amounts of the weakly fluorescent adduct N7-hydroxyethylguanine (1.1% of the total guanine residues) and the strongly fluorescent adduct 06-hydroxyethylguanine (0.8% of total guanine).
After incubation of the alkylated DNA with the transferase, most of the 06-hydroxyethylguanine had been selectively removed (Fig. lb) . No simultaneous loss of N7-hydroxyethylguanine was observed (Fig. 1) , as expected from the inability of the transferase to act on N-alkylated residues. The reaction between DNA 06-hydroxyethylguanines and the transferase reached 50% alkyl group removal in 10-15 min at 370 (Fig. 2) . We estimate that the enzyme removes hydroxyethyl groups from the o6 position of guanine residues 3 times more slowly than unsubstituted ethyl groups, and 300 times more slowly than methyl groups (ref 12 , and unpublished data). The reaction with the hydroxyethylated DNA substrate was essentially completed after 1 hr at 370; an apparent 1:1 stoichiometric relationship between the amount of hydroxyethyl groups transferred from the (12, 23) . 06-Hydroxyethylguanine is generated in DNA not only by HNU and similar hydroxyethylating compounds, but also by agents such as BCNU. In the latter case, the derivative occurs in addition to chloroethylated base residues, due to the decomposition of the nitrosourea by an alternative route involving cyclization instead of chloroethyl cation formation (20, 24) . Prevention of DNA interstrand cross-link formation The substrate specificity of the transferase indicated that it could counteract the appearance of any DNA cross-links that might be expected to occur as a consequence of the formation of reactive intermediates located at the 0 position of guanine. That is, an 0 6-chloroethylguanine residue in DNA should be converted to guanine, with transfer of the reactive chloroethyl group to the enzyme's acceptor site, before a reaction with the complementary DNA strand could occur. In attempts at an experimental verification, standard methods of measuring interstrand cross-links in purified DNA (6, 25) appeared unsuitable, because BCNU generates many monoadducts, apurinic sites, and single-strand breaks in DNA in addition to cross-links. Chain breaks complicate the interpretation of the results when the amount of interstrand cross-links is estimated from the fraction of DNA resistant to strand separation. We have, instead, taken advantage of the observation that after brief exposure to strong alkali (pH > 12.6), covalently closed circular DNA (Form I) collapses into a compact conformation with the strands out of register (Form IV). The Form IV structure cannot be generated from cross-linked circular DNA, because the latter has its complementary strands locked in register and immediately renatures to the Form I conformation after alkali treatment (26) . It was observed here that these two forms of covalently closed circular DNA can be separated from each other, as well as from nicked and single-stranded molecules, by agarose gel electrophoresis. After exposure of closed circular DNA to a cross-linking agent and an alkaline denaturation step, the determined ratio of Form I molecules to Form IV molecules is consequently directly related to the amount of DNA interstrand cross-linking.
In initial control experiments, non-alkylated circular double-stranded M13 DNA was incubated at 370 for 3 hr with the methyltransferase, or with albumin or reduced glutathione. The albumin served as a control protein without transferase activity, while glutathione was used as an additional control to provide a cysteine-containing peptide. On analysis by gel electrophoresis, the DNA band patterns observed were similar (Fig. 3, lanes 1-3) and indicate that the methyltransferase preparation was essentially free from nuclease or topoisomerase activity. (A minor part of the covalently closed circular DNA had been nicked, due primarily to the presence of dithiothreitol in the reaction buffer). Similar data (not shown) were obtained after addition of BCNU to the reaction mixtures, except that the relative proportion of nicked DNA increased as a function of the BCNU concentration. When the untreated DNA samples were alkalidenatured prior to electrophoresis, the covalently closed DNA collapsed into the faster migrating Form IV (Fig. 3 , lanes 4-6; see also reference markers in lanes [10] [11] [12] [13] . Nicked circular DNA aggregated under the highionic strength conditions of the denaturation treatment (26) The material in lanes 1,4 and 7 was incubated for 3 hr at 370 with bovine serum albumin, that in lanes 2,5 and 8 with reduced glutathione, and that in lanes 3,6 and 9 with E.coli 06-methylguanine-DNA transferase. The DNA in lanes 1-3 was analyzed in its native form, the DNA in lanes 4-6 after alkaline denaturation, and the DNA in lanes 7-9 after inclusion of 0.5 mM BCNU during the 3 hr incubation period, followed by alkaline denaturation. reaction mixtures, but at the same time a decreasing proportion of the total DNA could be recovered in covalently closed form due to the BCNUinduced nicking of the DNA substrate (data not shown). When the reaction mixture containing BCNU and alkyl transferase was analyzed, less than 5% of the closed circular DNA was found to be in cross-linked form (lane 9).
This result was confirmed in several independent experiments. Thus, the 06-methylguanine-DNA methyltransferase counteracted the formation of BCNUinduced DNA cross-links. The transferase was present in excess in order to remove all the monoadduct intermediates, recognized by the enzyme, formed during the entire 3-hour incubation period. At the end of the reaction, active transferase (5-10% of the initial activity) was shown still to be L j_-I~~~~~~~~_ _~~~~~~~ss DNA Figure 4 . Agarose gel electrophoresis of circular DNA exposed to nitrogen mustard and alkyltransferase. Samples were applied as in Fig. 3 . Thus, the material treated with nitrogen mustard (0.2 mM) is seen in lanes 7-9, with lane 9 representing the alkyltransferase-containing sample. present by standard enzyme assays (12) . Most of the enzyme inactivation observed could be ascribed to the suicide reaction mechanism of the transferase and to the prolonged incubation at 370 in a reaction mixture that contained an insufficient amount of dithiothreitol to completely stabilize the activity (higher dithiothreitol concentrations caused excessive nicking of the circular DNA in the reaction mixture). Thus, the transferase did not appear to be particularly susceptible to inactivation by the alkylating agent. Direct alkylation of the enzyme by BCNU, moreover, would not have significantly affected the drug concentration in the experiment, since the molar concentration of this reagent was 2000-fold higher than that of the transferase in the reaction mixture.
In separate experiments, methyltransferase (or albumin or glutathione) was added at the end of a 3-hour DNA cross-linking period with BCNU and then incubated for 20 min. No selective removal of cross-links by the transferase could be detected in this case. These data indicate that the enzyme does not act on DNA once the cross-linked bonds are formed, but only on a monomeric reaction intermediate.
Analogous experiments were performed with nitrogen mustard instead of BCNU as the DNA cross-linking agent. In this case, there was no detectable prevention of cross-link formation by the methyltransferase (Fig. 4) . Analysis of the radioactive bands of Forms and IV of the nitrogen mustard-treated samples revealed 30-35% cross-linking whether in the presence of albumin, glutathione, or transferase. It was again verified by enzyme assays on the nitrogen mustard-containing reaction mixture that active transferase remained in excess at the end of the reaction. Although this experiment does not define unequivocally the location of the crosslink, it is in agreement with the concept that nitrogen mustard-induced interstrand cross-links are mainly initiated at the N7 position of guanine (2, 3) , since the 06-methylguanine-DNA methyltransferase does not remove alkyl groups from this site in DNA. Cytotoxicity in bacteria
Adaptation of E.coZi to resist alkylating agents (22) causes the induction of at least two different DNA repair enzymes (27, 28) . The ability to repair 06-alkylguanine residues, as well as several other lesions, is greatly improved in such adapted cells. However, little or no active repair of N7-alkylguanines is observed. On challenge of unadapted and adapted E.coli cultures with the cross-linking alkylating agents investigated here, it was found that adapted cells were more resistant to BCNU-induced killing than control cells (24% vs.10% survival after challenge with 13 mM BCNU). On the other hand, both adapted and unadapted cultures showed the same sensitivity to nitrogen mustard (10% vs.10% survival after challenge with 1.8 mM nitrogen musard). These observations are consistent with the experiments on purified DNA, and they lend support to the model whereby lethal DNA cross-links are generated from 6 guanine sites with BCNU, vs.from N7 guanine sites with nitrogen mustard.
Several repair functions are induced in the adaptive response to alkylating agents, however, and these data on cells treated with cross-linking agents cannot be considered to be entirely conclusive. proposed that it reflects cross-linking following initial alkylation at either the N1 position of guanine or the N3 of cytosine, or at the o6 of guanine followed by an internal cyclization to the N site. The first two alternatives can now be ruled out (assuming that the cross-link (ii) represents a major interstrand species), since the intermediates would not be susceptible to the transferase. Moreover, the N3 site of cytosine and the N1 site of guanine are shielded from alkylation in double-stranded DNA (29) . On the other hand, the model involving a rearrangement from the guanine 06 position is in good agreement with the present data, and it would also nicely explain the slowness of the cross-linking reaction (5, 6) .
as well as the apparent inability of the 0 6-methylguanine-DNA methyltransferase to break completed cross-links. Further, it is supported by the observation that guanine-cytosine-rich DNA is cross-linked to a greater extent than adenine-thymine-rich DNA by BCNU treatment (6) . It should be emphasized, however, that the occurrence of either, or all, of the three structural alternatives shown in Figure 5 would be compatible with the results presented here. The previous circumstantial evidence for involvement of a guanine 06 adduct during chloroethylnitrosourea-induced cross-linking of DNA has been based mainly on the inability of mammalian cells of the Mer (or Mex ) phenotype to repair 0 -alkylguanine in DNA (30, 31) , and the associated increased susceptibility of these cells to cross-linking agents (7) . However, whereas Mer cells have been shown to differ from normal cells in their 06-methylguanine-DNA methyltransferase activity (32, 33) , it is not known if this is the only difference between Mer+ and Mer cells. It has recently been observed that treatment of repair-proficient mammalian cells with N-methyl-N'-nitro-N-nitrosoguanidine causes increased susceptibility to chloroethylnitrosourea-induced cross-linking, possibly by the depletion of the cellular repair enzyme that acts on 0 6-alkylguanine (8) . It is noteworthy that these data implicating the 06 position of guanine in BCNU-induced cross-linking (7, 8) are equally compatible with cross-linking through the 0 position of thymine, since the same transferase repair enzyme can act on both sites (McCarthy et aZ., in preparation). Although 06 guanine adducts are more frequent than 04 thymine adducts (29) , both kinds of reactions may occur to a significant extent.
The alkyl transferase employed here was obtained from an E.coZi strain that over-produces the enzyme (11) . A transferase with apparently identical biochemical properties has been found in mammalian cells, but it is only available in small quantities, and has not yet been purified to a homogeneous form, making it less useful as a reagent (33) (34) (35) . It may be concluded from the present results that the alkyltransferase function can serve to counteract the mutagenic effect of hydroxyethylating agents, as well as the cell-killing effect of chloroethylnitrosoureas. The unusual property of the enzyme of undergoing irreversible inactivation on reaction with its substrate, however, implies that it is easily consumed and therefore only effective as a cellular defence at low levels of DNA alkylation.
